The mechanism and kinetics of the extraction of iron ions from crocidolite asbestos have been investigated over long periods of time (30 days). Various chelators (endogenous, analytical reagents and iron sequestering drugs) have been employed. The various chelators extracted iron to different extents. Their potency was unrelated to the thermodynamic stability constant but appears linked to a sort of fitting of the molecule at the particle surface. The mechanism of extraction reveals a fast release of surface iron followed by slow ion diffusion, whereby iron flows out of the fibres. Substitution of iron by other ions present in the solution causes structural instability and collapse of the silica framework, confirmed by a parallel release of silicon into the supernatant at the end of the process. The surface shrinks and partly loses its original reactivity, however, new layers are progressively brought to the solid-liquid interface. Conversely, when the original fibres were in contact with iron bound to a weak chelator, such as Fe-NTA, the surface acts as a chelating agent and withdraws iron from the complex. This suggests that in vivo iron cycling may continuously take place at the particle surface. Modifications of the redox state of iron, following incubation in deferoxamine, are evident from cyclic voltammetry. Although deprived of iron, the deferoxamine-treated fibres exhibited a higher amount of redox cycling iron ions than the original ones.
INTRODUCTION
The molecular mechanism(s) involved in asbestos toxicity is still partly unknown but there is general agreement on iron-catalysed free radical generation playing a major role (Hardy and Aust, 1995a; Kane, 1996; Mossman and Churg, 1998; Kamp and Weitzmann, 1999) . Iron may act both at the surface (Fubini and Mollo, 1995; Fenoglio et al., 2001) and be mobilized by endogenous chelators (Hardy and Aust, 1995b) . The mechanisms of iron mobilization, re-deposition and redox cycling at the surface are therefore relevant to long-term toxicity and biopersistence of asbestos fibres. A study on modifications of the chemical composition at the fibre surface following incubation in aqueous solutions of chelators suggested a complex mechanism of ion release (Werner et al., 1995) . We have therefore investigated the kinetics of ion release in the presence of various chelators and the uptake of iron from a weak iron complex. Modifications in fibre-bound iron have been studied by means of cyclic voltammetry.
MATERIALS AND METHODS
Crocidolite, UICC (Union Internationale Contre le Cancer), was from the same batch as used previously. The following chelators were used: deferoxamine mesylate (deferoxamine B); 4-amino-3-hydroxy-1-naphthalenesulfonic acid and nitrilotriacetic acid (NTA) (Aldrich); citrate, oxalate, ascorbate and EDTA (Sigma). (S)-(+)-1,2-bis(3,5-dioxopiperazinyl)propane (dexrazozane) was from Chiron.
Iron mobilization
Crocidolite fibres (1 mg/ml) were suspended (final volume 200 ml) in 0.15 M NaCl solution containing 1 mM deferoxamine, pH 7.4, for 30 days at 37°C. Iron removed from the fibres by the chelators was determined by measuring the absorbance at 428 nm (Fe 3+ , deferoxamine) or 562 nm (Fe 2+ , ferrozine) Iron cycling at the asbestos surface 141 with a Uvikon 930 (Kontron) dual beam spectrophotometer.
Silica dissolution measurements
Silicon in the supernatant was determined by atomic absorption spectrometry (Libery-100 inductively coupled plasma atomic emission spectrometer; Varian).
Cyclic voltammetry
The technique adapted to asbestos consists of subsequent redox cycles with graphite-modified paste electrodes in order to investigate the shape and intensity of voltammograms during cycling.
High resolution electron microscopy
Images were obtained with a trasmission electron microscope (Jeol JEM 2000 EX).
RESULTS AND DISCUSSION
The amount of iron released by crocidolite into the supernatant in the presence of the different chelators is reported in Fig. 1 as a function of incubation time. Endogenous chelators (citrate, ascorbate and oxalate) (Fig. 1a) , iron sequestring drugs (deferoxamine and dexrazoxane) (Fig. 1b) and analytical reagents (ferrozine and EDTA) (Fig. 1c) have been considered. Iron mobilization depends a lot upon the nature of the chelator, but the thermodynamic stability constants of the complexes do not correlate with the total iron extracted. Other factors govern iron release, such as redox activity, geometry and size of the chelators and their binding capacity to surface iron. In all cases, however, iron was continuously mobilized from crocidolite for the entire incubation period (30 days) and the kinetics curves show a similar behaviour (Fig. 1) . With the most potent chelators, deferoxamine, dexrazoxane, EDTA and citrate, it is possible to highlight two different phases: fast release in the first 3 days followed by a much slower one. This suggests that a fraction of iron is more accessible to chelators than the rest. The amount of iron released in the presence of deferoxamine after 1 month incubation was close to 5% of the total iron present in crocidolite. An indication as to whether the iron released is exclusively surface iron or not can be obtained by considering that, in crocidolite, there can be no more than four to six surface iron ions in 1 nm 2 . As after 3 days incubation in deferoxamine ∼7 ions/nm 2 had been released, we can conclude that in the first phase all surface iron has been released as well as some iron up to one subsurface layer deep. After 2 months, on the other hand, the number of ions released was close to 25 per nm 2 , therefore this iron derives from deeper subsurface layers. The question arises: which mechanism is responsible for bulk iron becoming accessible to chelators at the asbestos surface? Two possible mechanisms may be envisaged: diffusion of iron ions from the bulk to the asbestos surface or progressive collapse of the layers of the fibres. A linear relationship between iron release and (Fig. 1) , as well as various experiments in which ionic strength and composition of the surrounding solution, temperature and pH were varied, confirmed the existence of a diffusion mechanism. This evidence leads to the conclusion that the continuous iron release observed in long-term incubation is the consequence of a diffusive mechanism, due to a sort of slow 'flow' of ions from the bulk of the sample to the surface.
The second hypothesis assumes 'collapse' of the structure of the solid. In such a case silicon should also be detected in the solution. After an incubation period of ∼21 days both iron and silicon were measured in the supernatant by means of atomic absorption spectroscopy. The Fe/Si ratio found was 0.81, which is only slightly higher than that of the bulk of the mineral (0.61), thus indicating that a consistent part of the crocidolite fibre is congruently detached. The excess of iron in solution with respect to silicon, however, indicates preferential release of iron.
We therefore have evidence supporting both mechanisms: diffusion of iron ions from the bulk followed by partial collapse of the outer silica framework. The presence of chelators in the solution surrounding the fibres gives rise to immediate release of iron from the surface. This is the beginning of a flow of iron ions to the surface, where they are progressively complexed by the chelator and brought into solution. Iron ions are then temporarily substituted in the structure of crocidolite by the cations available in the solution. The differences in size and charge between iron ions and the substituent cations makes the structure of crocidolite less stable than the original one, giving rise to fractures in the silica layers. The disaggregation of octahedral sheets and silicate chains then proceeds stoichiometrically, layer by layer. This process probably uncovers 'new surfaces', which appear less active with respect to iron release and free radical generation (Fubini and Mollo, 1995) . This is well illustrated in the high resolution transmission electron micrographs of crocidolite before (Fig. 2a) and after (Fig. 2b) incubation in deferoxamine B to remove iron. The outer layer of the treated fibres becomes amorphous following removal of cations.
As previously reported (Hardy and Aust, 1995a) , crocidolite may also bind iron. The results obtained by incubation of crocidolite with a solution of Fe-NTA complex (characterized by a rather small stability constant) at physiological pH (Fig. 3) show that the amount of the Fe(III) complex in solution decreases with time over 5/6 days incubation, then reaches a constant value. This indicates that crocidolite, which may both extract and release iron, has a 'chelating' tendency close to that of NTA. It is therefore likely that in vivo a sort of 'iron cycling' may take place at the crocidolite surface.
Cyclic voltammetry is a new technique in the field, which we have employed to investigate the redox cycling of iron ions on crocidolite. The cyclic voltammetric curve obtained at neutral pH for a crocidolite-modified carbon paste electrode was described in a previous study . Cyclic voltammetric experiments demonstrate the peculiarity of the situation of iron in asbestos: in this case, iron is indeed removed and brought into solution, but this process takes place progressively in subsequent cycles, indicating the possibility of slow release of iron ions over prolonged periods of time.
The results obtained on an asbestos sample (Fig. 4a ) have been compared (Fig. 4b) with that obtained under similar conditions on a sample of crocidolite pretreated with deferoxamine (5% of the total iron was released). The complex features of the voltammetric curve due to iron in different positions in the solid and removed from it are similar in the two cases but deferoxamine-treated crocidolite appears richer in the number of ions undergoing redox cycling. After the same number of cycles the voltammetric curve for the deferoxaminetreated samples are in fact more pronounced. We may therefore hypothesize that chelators leave a less reactive surface where iron ions have been removed, but when several layers of the solid are concerned, as in cyclic voltammetry, underlying iron ions are more redox active.
CONCLUSIONS
The peculiar behaviour of iron ions in crocidolite (slow release and deposition, progressive mobilization in voltammetric cycles) indicates that in vivo iron may be released as long as the fibre persists and active iron sites may be regenerated. Both may contribute to reactive oxygen species generation and consequent cell damage. Conversely, in the environment chelators may be considered possible inactivating agents, but only under conditions which promote complete iron removal from the fibres.
